Strawberry (Fragaria sp.) stands as an interesting model for studying flowering behaviour and its relationship with asexual plant reproduction in polycarpic perennial plants. Strawberry produces both inflorescences and stolons (also called runners), which are lateral stems growing at the soil surface and producing new clone plants. In this study, the flowering and runnering behaviour of two cultivated octoploid strawberry (Fragaria×ananassa Duch., 2n=8×=56) genotypes, a seasonal flowering genotype CF1116 and a perpetual flowering genotype Capitola, were studied along the growing season. The genetic bases of the perpetual flowering and runnering traits were investigated further using a pseudo full-sibling F1 population issued from a cross between these two genotypes. The results showed that a single major quantitative trait locus (QTL) named FaPFRU controlled both traits in the cultivated octoploid strawberry. This locus was not orthologous to the loci affecting perpetual flowering (SFL) and runnering (R) in Fragaria vesca, therefore suggesting different genetic control of perpetual flowering and runnering in the diploid and octoploid Fragaria spp. Furthermore, the FaPFRU QTL displayed opposite effects on flowering (positive effect) and on runnering (negative effect), indicating that both traits share common physiological control. These results suggest that this locus plays a major role in strawberry plant fitness by controlling the balance between sexual and asexual plant reproduction.
Introduction
Plants have developed both sexual and asexual reproduction modes to ensure their survival. Successful sexual reproduction depends on the right timing of the floral transition, which is the switch from the vegetative to the reproductive state. Floral transition happens once in monocarpic plants, whereas the switch between vegetative and reproductive states happens repeatedly in polycarpic plants (Battey and Tooke, 2002; Albani and Coupland, 2010) . Whilst the molecular mechanisms involved in floral transition are well known in monocarpic plants such as Arabidopsis thaliana or rice, they remain poorly understood in polycarpic species (Wang et al., 2009) . Most often in polycarpic perennial plants, floral transition happens once a year ['seasonal flowering' (SF)], but some perennials have the ability to flower more than once during the favourable season, therefore offering a lengthened period of fruit and seed production ['perpetual flowering' (PF)] (de Camacaro et al., 2002; Albani and Coupland, 2010) . In addition, in many polycarpic perennial plants, sexual reproduction is often combined with asexual reproduction; the most common type of asexual reproduction is clonal growth carried out by producing new ramets (Klimes et al., 1997; VallejoMarin et al., 2010) . In perennial crop species, both PF and asexual plant reproduction constitute highly desirable traits, although they may antagonize each other (Battey et al., 1998; Rautiainen et al., 2004; Schulze et al., 2012) .
Strawberry stands as an interesting model in perennial plants for studying flowering behaviour and its relationship with asexual plant reproduction. The length of the flowering period shows wide variation (Stewart and Folta, 2010) and both SF and PF genotypes have been identified in various strawberry species (Darrow, 1966; Hancock et al., 2002) . In SF genotypes, low temperature and short days in autumn trigger floral initiation (Verheul et al., 2007) . After entering dormancy and receiving the chilling requirement, the autumninitiated flowers emerge in spring, followed by fruiting. In PF genotypes, flowers are initiated continuously throughout the growing season from spring until late autumn (Battey et al., 1998; Savini et al., 2005) .
Strawberry is also propagated asexually by stolons in order to produce new clone plants (Fig. 1A) . In long days, primary stolons, which are specialized branch crowns highly elongated at the first two internodes, emerge from basal axillary buds, elongate, and produce new plants at nodes spaced at varying intervals (the so-called runnering process) (Savini et al., 2008) . In SF genotypes, asexual and sexual reproduction periods follow one another. In PF genotypes, these processes overlap in summer (Battey et al., 1998) and can therefore compete.
Thanks to recent advances in strawberry genetics (Shulaev et al., 2011) , the genetic factors underlying variations in PF and runnering (RU) traits have begun to be deciphered. In the diploid Fragaria vesca, we and others have recently shown that the PF trait, which is controlled by the SEASONAL FLOWERING LOCUS (SFL) (Albani et al., 2004) , is due to a mutation in KSN, homologous to the TFL1 floral repressor (Iwata et al., 2012; Koskela et al., 2012) . The RU trait is controlled by a different dominant locus, the RUNNERING locus (R) (Brown and Wareing, 1965) . In the cultivated octoploid Fragaria×ananassa, no clear conclusions could be reached. To date, according to the studies, the PF trait is either controlled by a single dominant locus (Ahmadi et al., 1990; Shaw and Famula, 2005; Sugimoto et al., 2005) or is under quantitative inheritance (Powers, 1954; Serçe and Hancock, 2005) and is controlled by numerous quantitative trait loci (QTL) with various additive effects (Weebadde et al., 2008) . Only one study was published on the inheritance of RU in cultivated strawberry, and this study did not support the strong additive genetic effect for this trait (Simpson and Sharp, 1988) .
In this study, we have reported for the first time the identification of a major QTL named FaPFRU. In the cultivated octoploid strawberry (F.×ananassa Duch., 2n=8×=56), this locus affected both the PF and RU traits, the latter being related to the balance of flowering and vegetative development. The FaPFRU QTL was not orthologous to the loci affecting perpetual flowering (SFL) and runnering (R) in F. vesca, therefore suggesting different genetic controls of PF and RU in the diploid and octoploid Fragaria spp. Furthermore, the FaPFRU QTL displayed opposite effects on flowering (positive effect) and on runnering (negative effect), indicating that both traits are genetically linked and share common physiological control. These results suggest that this locus plays a major role in strawberry plant fitness by controlling the balance between sexual and asexual plant reproduction.
Materials and methods

Plant material
In the cultivated octoploid F.×ananassa, a pseudo full-sibling F1 population obtained from a cross between the Capitola variety and the CF1116 (CireF_1116) genotype described previously by Lerceteau-Köhler et al. (2003) was used. The two parents Capitola and CF1116 display PF and SF behaviours, respectively (Fig. 1A) . The segregating population plus the parental lines were observed from 2002 to 2007 under tunnel production (Table 1) .
Phenotyping
Inflorescence and primary stolon emergence was evaluated on Capitola and CF1116 parents during one production season (April to October) by counting the newly emerged organs every 2 or 3 weeks. For the segregating population and their parents, the PF trait was evaluated as the number of newly emerged inflorescences from the end of May to the beginning of August, whilst RU was evaluated as the total number of primary stolons counted in summer. These measures were performed over 6 and 3 years, respectively (Table 1) .
Data analysis
For the two parents and the progeny, the mean and standard deviation of newly emerged inflorescences and the primary stolon numbers were calculated for each year of observation. Pairwise comparisons among parents were done using Student's t-test (P <0.05) for the mean number of inflorescences and primary stolons. For the two traits PF and RU, and for each year of observation, genotypic effect within progeny, broad sense heritability, and identification of transgressive trait were evaluated as described previously by Lerceteau-Köhler et al. (2012) . Spearman correlation coefficients were calculated for the different trait values, both between and within years (PROC CORR; SAS).
Evaluation of PF as a Mendelian trait was done by grouping the number of newly emerged inflorescences into two classes, PF and SF ( Fig. 2A) . A segregation ratio of 1:1 (PF:SF) of the segregating population was tested for goodness of fit to the theoretical ratio for the hypothesis that one dominant locus controls the PF trait (χ 2 test).
Genetic maps and QTL detection
For the octoploid population, the female and male genetic maps were developed previously using data obtained from the cross Capitola×CF1116 (Rousseau-Gueutin et al., 2008; LerceteauKöhler et al., 2012) . The PF trait was mapped as a Mendelian marker named FaPF. QTL detection was performed by compositeinterval mapping using QTL Cartographer software (Basten et al., 1997) as described by Lerceteau-Köhler et al. (2012) except that the logarithm of odds (LOD) thresholds corresponded to a genomewide significance level of α=0.05.
Results
Emergence of inflorescences and primary stolons in the PF and SF parents
The PF Capitola and SF CF1116 genotypes (Fig. 1A) were the parents of the cultivated strawberry progeny, segregating for PF and RU traits. Under tunnel conditions, the two parents exhibited different behaviours throughout the growing season. A first wave of emergence of inflorescences, observed in Capitola and CF1116 between mid-April and the end of May, was remarkably similar in both genotypes (Fig. 1B) . These corresponded to inflorescences initiated in autumn from the previous year. In contrast, only the PF parent Capitola still produced new inflorescences after the beginning of June, as was expected. The mean number of new inflorescences produced in Capitola between June and October (25) was considerably higher than during the first wave (1.2).
Interestingly, their emergence was not steady but occurred as two distinct waves, which culminated first at the middle of August and then at the end of September. These newly emerged inflorescences were observed until the plant entered dormancy in December. Each genotype presenting fewer than three or more than four newly emerged inflorescences was considered as SF or PF, respectively.
In both genotypes, the emergence of the elongated branch from the crown, the primary stolon, started in May (Fig. 1C) . In the PF Capitola, the production of primary stolons (called runnering hereafter) decreased after mid-June and completely ceased at the end of August. In the SF genotype CF1116, the emergence of primary stolons increased strongly in June. In the SF CF1116, the mean number of stolons emerging from the end of June to October (21.3) was considerably higher than during the first period (2.3) and occurred as two distinct peaks in July and September.
Segregation of the PF Capitola×SF CF1116 progeny for the perpetual flowering and runnering traits
In order to investigate the contrasted and seemingly opposite behaviours of flowering and runnering, we studied the segregating population of Capitola×CF1116, which included 170-199 individuals according to the year, plus the two parental lines. Considering the patterns of inflorescence emergence in the parental lines, we decided to evaluate the PF trait on the segregating population by counting the newly emerged inflorescences from the end of May to the beginning of August, which represented a large proportion of the first wave of newly emerged inflorescences (Fig. 1B) .
The RU trait was evaluated by measuring primary stolon production in summer. Phenotyping of the segregating population and parental lines in the tunnel confirmed that, whatever the year of observation, these criteria were adequate for estimating the flowering and runnering phenotypic differences between the two parental lines. The PF Capitola plants produced about 10-20-fold more inflorescences but about 2-16-fold fewer primary stolons than the SF CF1116 (Table 2) , thus confirming previous analyses (Fig. 1B, C ).
In the segregating population, distribution of the number of newly emerged inflorescences was close to bimodal ( Fig. 2A) , whilst the number of primary stolons (Fig. 2B) showed continuous variation in the progeny. Within the population, the two traits displayed a large range of mean values that varied according the year, from zero to 25-36 for inflorescences and from zero to 14-31 for primary stolons (Table 2) . Transgressive segregation was observed for the two traits except in 2002. High heritability (h 2 ) values (0.58-0.76) were found for inflorescences and primary stolons, suggesting that major genetic components control both traits. The bimodal distribution of the PF trait supported this hypothesis for the newly emerged inflorescences ( Fig. 2A) .
Spearman phenotypic correlation coefficients within the same trait and between years were positive and significant in all cases, with correlation coefficients varying from 0.64 to 0.86 for PF and from 0.38 to 0.56 for RU (Table 3) . Negative correlations between PF and RU were highly significant with correlation coefficients varying from -0.26 to -0.79 (Table 3) . These results suggested that genotypes producing large numbers of inflorescences from the end of May to the beginning of August, which were included in the PF group, produced few or no primary stolons.
QTL analysis of the PF Capitola×SF CF1116 progeny
To identify the genomic regions responsible for the quantitative variations of the two traits measured on the progeny, i.e. PF and RU, we developed a QTL approach using linkage maps obtained previously (Rousseau-Gueutin et al., 2008) . A total of 19 QTL linked to PF and RU were found to be significant at the LOD threshold of 3.1 and were detected for all years of observation (Table 4 ; Supplementary Fig. S1 at Table 2 . Phenotypic values of the parental genotypes Capitola and CF1116 and of the segregating population for the PF and RU traits. The number of individuals analysed, mean values, standard deviations (SD), and range of the traits are described. The significance level of the difference between Capitola and CF1116 means is indicated in the Ca vs Cf column. 2003b, 2004, 2005, and 2007 . c Tr, trait segregation was declared transgressive (Tr) when at least one progeny had a value that was higher or lower than the highest or lowest parental value by at least twice the SD of the parents.
JXB online). These QTL were not distributed randomly on the parental linkage maps, as nine of the 19 QTL co-localized on one region of the female linkage group (LG) named
LGIVb2-f. This region was clearly linked to LGIVb-f, at 41.8 cM from the bottom of this linkage group, whereas the distance from the three other LG, LGIVa-f, LGIVc-f, and
LGIVd-f, reached more than 150 cM ( Supplementary Fig. S2 at JXB online). These nine QTL were linked to both traits and were detected for all the years of notations (Table 4 and Fig. 3 ). For each trait, QTL were considered unique when the same regions overlapped with one LOD-supported confidence interval in one of the parental maps (male or female) where the QTL was detected. These nine QTL were summarized in two unique QTL, PF-LGIVb-f (six overlapping QTL identified over six successive years), and RU-LGIVb-f (three QTL over three years) ( Table 4 ). The remaining ten QTL were identified as nine unique QTL, as all except PF-LGIVd-m were detected in only one year. e Position indicates the distance in cM of the QTL from the top of the chromosome. f LOD is the log-likelihood at that position. g r 2 is the percentage of phenotypic variation explained by the QTL. h Mean effect on a trait mean value of the presence of one allele at a marker by comparison with the presence of the second allele. + andindicate the direction of the additive effect. A positive effect means a higher value for the Capitola allele on the female map or a higher value for CF1116 on the male map.
PF and RU traits are both linked to a single major locus
The proportion of genotypic variance explained by the QTL was very different according to their localization and to the trait. The region located on the linkage group LGIVb-f, which included PF-LGIVb-f and RU-LGIVb-f, largely contributed to the variation of the two traits. The high values of the genotypic variance of the PF trait on PF-LGIVb-f (36.5 > r 2 > 59.3) and of RU trait on RU-LGIVb-f (12.4 > r 2 > 51.1) were much higher than those found for other QTL (Table 4) , strongly suggesting their genetic control by a major gene. Moreover, co-localization of the two QTL, PF-LGIVb-f and RU-LGIVb-f, in the same region on the linkage group
LGIVb-f (Fig. 3) suggested that a single locus, named FaPFRU, with pleiotropic effects on related developmental processes, could be responsible for variations of the two traits. Opposite effects were observed between the two QTL, PF-LGIVb-f and RU-LGIVb-f. An increased number of newly emerged inflorescences was associated with a decreased number of primary stolons, which was consistent with the negative correlation observed between PF and RU (Table 3) . When PF was considered as a Mendelian locus, here named FaPF, the segregation fitted the expected 1:1 ratio for a F1 pseudo-test-cross progeny (P = 0.45). The FaPF locus was mapped to LGIVb-f close to the gatt284 marker (data not shown) for which the maximum LOD value of the FaPFRU QTL was detected (Fig. 3) . This result strongly suggested that the major locus FaPFRU and the Mendelian locus FaPF were the same locus. The FaPFRU locus was therefore different from the SFL and R loci mapped previously in the diploid F. vesca on LGVI and LGII, respectively (Albani et al., 2004; Sargent et al., 2004) . Taken together, these results demonstrated that the genetic controls of the known variations in the PF and RU traits are different in the wild diploid and cultivated strawberry.
Discussion
Strawberry, which is one of the major Rosaceae perennial fleshy fruit species, naturally combines sexual reproduction by flowers and asexual reproduction by stolons, also called runners (Fig. 1A) . In wild (F. vesca, F. virginiana) and cultivated (F.×ananassa Duch.) strawberry, PF genotypes have been identified (Darrow, 1966; Hancock, 1999 ). This highly desirable trait has been introgressed in cultivated strawberry, as it allows the producers to extend the fruit production period and contributes to increase fruit yield (de Camacaro et al., 2002) . Although necessary to propagate strawberry cultivars in nurseries (Simpson and Sharp, 1988) , stolon production or runnering is undesirable in plants producing fruits. Runners are therefore usually removed (Vazquez Galvez et al., 2000) .
In order to gain more insights into the relationships between PF and RU, we investigated the genetic control of both traits in cultivated strawberry. We have provided evidence that: (i) the PF trait is controlled by one major dominant locus named FaPFRU and by minor QTL in the cultivated strawberry; (ii) this genetic system is therefore different from that described in the wild diploid strawberry F. vesca, (iii) RU is probably controlled by the same major dominant locus, which has opposite effects on PF and RU; and (iv) at physiological level, the antagonism between flowering and runnering stems from the commonality of the genetic control of both traits; this probably affects meristem fate in long days, suggesting that the locus acts on the balance between flowering and vegetative development.
Evaluation of the PF and RU traits
As a prerequisite to this study, we first developed simple and quantitative criteria allowing the phenotyping of a large population segregating for the PF and RU traits. Classification of the PF trait in strawberry is usually based on qualitative observations including assessment of growth habit and flowering (Nicoll and Galletta, 1987; Serçe and Hancock, 2005) and inflorescence emergence scoring (Shaw and Famula, 2005) , or more complex criteria that include flowering on mother plants and ramets (clone plants) and evaluation of PF during the second year of culture (Ahmadi et al., 1990) . In addition, evaluation of the PF trait and its genetic control may depend on the environmental conditions (Maltoni et al., 1996; Weebadde et al., 2008) . In order to avoid these possible biases, we excluded qualitative criteria such as the presence or absence of flowers in summer, and developed quantitative criteria for evaluation of the PF trait.
Although we did not undertake a formal analysis of the floral initiation throughout the year by studying strawberry plant architecture, we considered that the first wave of inflorescences, observed in both parents from April to May (Fig. 1B) resulted from floral meristems initiated the previous autumn, as already described (de Camacaro et al., 2002) . Assuming that the lag time between the initiation of floral meristem and the emergence of inflorescence comprised between 8 and 10 weeks in strawberry [e.g. about 10 weeks for the SF 'Frida' variety (Sonsteby and Heide, 2008) , and 9 weeks for the SF 'Elsanta' variety (Battey et al., 1998; Sonsteby and Heide, 2006) ], the newly emerged inflorescences observed from the end of May to beginning of August in the PF parent Capitola were probably initiated from the end of March to the beginning of June, i.e. in long days when the photoperiod was more than 12 h under the conditions of our assay (south-west France). Therefore, inflorescences emerging from the end of May to the beginning of August, which were specifically observed in Capitola (Fig. 1B) , were used for evaluating the PF trait. Likewise, the number of primary stolons in summer, which clearly discriminated the two parental genotypes (Fig. 1C) , was used for evaluating the RU trait.
Dominant-negative alleles of FaPFRU cause perpetual flowering in cultivated octoploid strawberries.
In cultivated octoploid Fragaria, three independent sources of PF behaviour have been described (Sakin et al., 1997) . Among these, the F. virginiana ssp. glauca Wasatch source originating from the Wasatch Mountains in Utah has been collected and introgressed into the cultivated strawberry (Powers, 1954) . Almost all modern PF cultivars, including the Capitola cultivar used here, are issued from this introgression, which was done early during strawberry breeding (Bringhurst and Voth, 1984) .
In the present study, we clearly identified one major QTL and several minor QTL controlling the PF trait in F.×ananassa using the phenotypic criteria described above (Table 4 ). The control of the PF trait by a major QTL in cultivated strawberry is consistent with the introgression by repeated backcrosses in F.×ananassa of a single gene controlling this trait originating from the wild octoploid F. virginiana ssp. glauca Wasatch (Hancock, 1999) . Similar conclusions were reached by other groups working on this trait in cultivated strawberry originating from the same introgression (Ahmadi et al., 1990) . Introgression of different genes from other F. virginiana ssp. glauca Wasatch origins collected on the Wasach Mountain may explain the other oligogenic or polygenic controls found by several groups (Powers, 1954; Simpson and Sharp, 1988; Hancock et al., 2002) . The 1:1 ratio (PF:SF) observed in the segregating population for the PF trait suggested that the corresponding locus has a dominant effect in individuals that have only one modified allele out of the eight homoeologous copies of the genes. We further showed that the locus controlling this trait is located on a single linkage group, LGIVb-f, within the homoeologous group IV (Table 4 and Fig. 3 ). This result implied that a single wild allelic variant controlling PF has been maintained in modern strawberry cultivars through breeding.
In the diploid F. vesca, inheritance of the PF trait is controlled by one major locus, SFL, located on LGVI (Albani et al., 2004) . We and others have recently shown that a mutated allele of the FvKSN gene orthologous to the A. thaliana floral repressor TFL1 is responsible for the PF trait (Iwata et al., 2012; Koskela et al., 2012) . These results demonstrate that the F. vesca SFL locus is different from the F.×ananassa PF locus FaPFRU, which maps on LGIVb-f, therefore suggesting different genetic control of PF and RU in the diploid and octoploid Fragaria species. Furthermore, we found that PF is dominant over SF in F.×ananassa, whilst this trait is recessive in F. vesca (Albani et al., 2004) . Dominant mutations have been largely described in polyploid species, such as in octoploid strawberry for resistance to anthracnose (DenoyesRothan et al., 2005) or hexaploid wheat for vernalization (Zhang et al., 2012) . Control of the PF trait by a recessive mutation in cultivated strawberry would imply either that the eight homoeoalleles of the same gene are similarly mutated or that at least one of them is mutated and the seven others are inactived. Homoeoalleles can indeed be inactivated by gene silencing or other mechanisms reducing functional redundancy in polyploids (reviewed by Doyle et al., 2008; Feldman et al., 2012) . However, to date, few naturally occurring recessive mutations have been described in polyploid crop species. One of them is the non-astringency trait in persimmon, which requires homozygous recessive alleles (Akagi et al., 2012) . Most others are artificially induced mutations, such as in the cytochrome P450 gene affecting nornicotine content in tetraploid tobacco (Julio et al., 2008) . In the octoploid cultivated strawberry, a dominant mutation in a single homoeoallele is therefore the most likely way of promoting the PF phenotype. The differences between F. vesca and F.×ananassa regarding the genetic control of the PF trait do not imply that the gene network regulating the flowering behaviour is different in both species. Indeed, the identification of several minor QTL with positive effects on the PF trait indicates that a large number of genes are probably involved in the regulation of this trait in cultivated strawberry, as already suggested by Weebadde et al. (2008) .
FaPFRU has opposite effects on the duration of flowering episode and runner production in cultivated octoploid strawberries
Flowering and runnering are not distinct features of reproductive development in strawberry. In contrast, they are intricately related (Battey et al., 1998) , and the preponderance of one over the other results from a complex interplay between genetic and environmental factors. Although this hypothesis needs further investigation, the PF trait is possibly linked to loss of the environmental requirement to initiate flowering, as previously shown in F. vesca (Koskela et al., 2012) and very recently in Arabis alpina . We demonstrated here that the PF and RU traits are actually under a common genetic control in cultivated strawberry. The single dominant FaPFRU locus that promotes flowering in long days/high temperature conditions exerted an opposite effect on stolon production and strongly reduced runnering in summer (Table 4 ). The runnering FaPFRU locus is therefore different from the F. vesca R dominant locus located on LGII (Sargent et al., 2004) , which is independent of the SFL locus and has not yet been identified (Brown and Wareing, 1965) .
Possible antagonism or competition between PF and RU in cultivated strawberry has major commercial implications for this species (Smeets, 1980) . Both stolons and inflorescences should be produced: stolons for clonal multiplication of the varieties in nurseries and inflorescences for fruit production. In the diploid F. vesca, runner production appears to be less frequent in the PF genotypes than in the SF genotypes (Battey et al., 1998) . In the cultivated octoploid F.×ananassa, several studies have reported that PF genotypes are poor runner producers (Nicoll and Galletta, 1987; Bradford et al., 2010) . Observations of more runners in PF genotypes than in SF genotypes made by Durner et al. (1984) are therefore surprising and may be due to the use of other sources of genetic variability for these traits.
In our study, a clear antagonism was observed between inflorescence and stolon production in summer (Table 4 and Fig. 1B, C) . The central question is whether this is a direct consequence of a genetically controlled shift in the identity of the axillary meristems, which produce inflorescences instead of stolons (Watson, 1984) , or whether the inversion of the inflorescence-to-stolon ratio results from more indirect effects such as an alteration in carbon and/or nitrogen allocation to vegetative tissues (Thompson and Eckert, 2004; VallejoMarin et al., 2010) . Several evidences are in favour of genetic control of the meristem identity, which have consequences on the balance between flowering and vegetative development: (i) the PF and RU traits are both controlled by a single dominant locus with opposite effects; (ii) the mean number of new meristems producing either inflorescences or stolons in long day/high temperature conditions is not much different in the SF CF1116 and PF Capitola genotypes (~22 and ~28, respectively; see Fig. 1B , C) but almost 100% of them produce stolons in CF1116 and 89% produce flowers in Capitola; and (iii) emergences of both flowers and runners in summer occur as waves. This periodic pattern is reminiscent of other developmental features observed in plants, such as shoot and root branching (McSteen and Leyser, 2005; Moreno-Risueno et al., 2010) or shoot vascular bundle formation (Ibañes et al., 2009) .
Conclusion
As summarised in Fig. 4 , a model can be proposed for the action of the FaPFRU gene in cultivated strawberry. In agreement with Schulze et al. (2012) , we hypothesize that a limited number of meristems are induced in summer for either sexual or clonal reproduction in strawberry. Meristem fate is under the control of hormonal and complex regulatory networks leading to the periodic appearance of newly formed inflorescence or stolon meristems. In wild-type plants (SF phenotype), 'wild type alleles' of the FaPFRU gene repress the transition to reproductive development and/or promote primary stolons late in summer (Fig. 4A) . In contrast, in PF plants (Fig. 4B) , one single copy of an 'allelic variant' of the FaPFRU gene is sufficient to promote flowering and repress the development of primary stolons in the summer. Hormonal (Guttridge and Thompson, 1964) and environmental factors such as temperature and photoperiod, known to alter the balance between vegetative and floral development in strawberry (Durner et al., 1984; Bradford et al., 2010) , may further contribute to the variations in inflorescences and primary stolon numbers (Table 2) . Altogether, these results should help identifying the 'allelic variant' of the FaPFRU gene, which is probably involved in the gene network specifying meristem identity. This will provide new insights into the regulation of PF behaviour in cultivated strawberry and will enable the development of new tools and markers for strawberry breeding.
Supplementary data
Supplementary data can be found at JXB online. Supplementary Fig. S1 . Map location of all detected QTL linked to the PF and RU traits. Supplementary Fig. S2 . Localization of the linkage group, LGIVb2-f, on the female linkage map. 
